Introduction
The chemistry of the dichalcogenidoimidodiphosphinates (I) has been studied comprehensively since the 1960s. 1 Such compounds are of great interest as they represent inorganic analogues of the common organic chelating ligand acetylacetonate (acac), although the inorganic backbone displays much greater flexibility than the organic counterpart whose planarity is imposed by an array of sp 2 -hybridized centers. A considerable variety of different dichalcogenidoimidodiphosphinates are known as a consequence of changing the chalcogens and/or the organic groups bound to phosphorus.
The extensive number of O, S and Se-containing derivatives and their complexation chemistry with a number of main group and transition metals have been comprehensively reviewed. [2] [3] [4] Several of these homoleptic metal complexes were shown by O'Brien et al.
to be suitable single-source precursors for the generation of semiconducting thin films [5] [6] [7] [8] [9] [10] [11] [12] or quantum dots 13 of metal selenides via chemical vapor deposition processes. After a brief hiatus, interest in this class of ligand was reinvigorated by the discovery of the first tellurium-containing examples, which were obtained as alkali metal salts (1, E = Te; R = Ph, 14 i Pr 15 ). The coordination chemistry of the ditellurido ligand 15 was propelled by the discovery of some alternative bonding modes with respect to the lighter chalcogen derivatives. [16] [17] [18] In addition, semiconducting thin films of a variety of metal tellurides were generated by using homoleptic complexes as single-source precursors.
19-21 Subsequently, a comprehensive study of the redox chemistry of the dichalcogenidoimidodiphosphinate system was carried out, 22 which resulted in the completion of the sequence of different oxidation states (-1/0/+1). The cationic derivatives were synthesized as iodide salts [(EP i Pr2)2N]I (2, E = Se, Te) by the twoelectron oxidation of the corresponding anions with iodine. 23 These five-membered, 6 -electron rings were found to be considerably puckered, in contrast to chalcogen-nitrogen cations such as [E3N2] 2+ (E = S, Se) and [S2N3] + , which are planar. 24, 25 A structural analysis revealed that these novel ring systems contain elongated chalcogen-chalcogen bonds. On the basis of density functional theory (DFT) calculations the elongation was attributed to donation of electron density from a lone pair on the iodide anion into the TeTe  * orbital (LUMO) of the cation. Such lengthening of the chalcogen-chalcogen bond was not evident in ion-separated salts prepared by exchanging I -for SbF6 -. 26 neutral dimers (3, R = i Pr, E = Se, Te; R = t Bu, E = S, Se), 27 formally involving the association of two [E i Pr2PN i Pr2PE]• radicals through E-E bonds that are elongated with respect to those in the corresponding organic dichalcogenides PhEEPh. [28] [29] [30] Calculations showed that the SOMO of the radicals [TeR2PNR2PTe] • is based on the two tellurium centers and involves a linear combination of tellurium p-orbitals. 22 The calculated energy of dimerization for the methyl-substituted tellurium radical was -80 kJ mol - -(E = S, Se) as their TMEDA-solvated lithium derivatives. 31 In this paper we report the results of the investigations of the oxidation of these mixed chalcogen anions with iodine in order to determine (a) the effect of this asymmetry on the cation- X-ray crystallography. Crystals of 2a, 2b, 3a, 3b, 4a, 4b and 4c were coated with Paratone 8277 oil and mounted on a glass fiber. Diffraction data were collected on a Nonius KappaCCD diffractometer using Mo K radiation ( = 0.71073 Å) at -100 o C.
The unit-cell parameters were calculated and refined from the full data set. Crystal cell refinement and data reduction were carried out using the Nonius DENZO package. After data reduction, the data were corrected for absorption based on equivalent reflections using SCALEPACK (Nonius, 1998). The structure of 3b was solved by Patterson techniques; all other structures were solved by direct methods using SHELXS-97 32 while refinements were carried out on F 2 against all independent reflections by the full-matrix least-squares method by using the SHELXL-97 program. 33 The hydrogen atoms were calculated geometrically and were riding on their respective atoms, and all non-hydrogen atoms were refined with anisotropic thermal parameters.
Crystallographic data are summarized in Table 1 . The structures of 2a, 2b, 3a, 3b, 4a and 4c were well-ordered and no special considerations were necessary. The structure of 4b displayed positional disorder of the tellurium and selenium sites which was modeled as an anisotropic 50:50 mixture.
Computational Details. DFT calculations were performed for various geometrical and conformational isomers of compounds 3 (see text for details). The molecular structures were optimized by using a combination of the PBE exchange-correlation functional [34] [35] [36] with the Ahlrichs' triple-zeta valence basis set augmented by one set of polarization functions (def-TZVP); 37 for tellurium the corresponding ECP basis set was used. 38 All calculations were performed with the Turbomole 5.10 program package. 39 Visualizations for Figure 3 were done with the gOpenMol program. 
The identity of these new cations was confirmed by multinuclear NMR spectra. X-ray crystallographic analyses confirmed that the structures of 2a ( Figure 1 ) and 2b ( Figure 2 ) consist of a cationic five-membered ring and an iodide anion. Selected bond parameters are given in Table 2 , along with the corresponding parameters of the ditellurido cation 2c 23 for comparison. In both cases, the rings are distinctly puckered (E- 
42-45
The iodide anion in 2a displays a much stronger interaction with tellurium (2.915(1) Å) than with sulfur (3.991(1) Å). Indeed, this latter distance is close to the sum of the van der Waals radii of S and Te (4.00 Å) 46 and can therefore be considered nonbonding. The Te-I interaction is also evident in the structure of 2b, where the Te-I distance is 3.005(1) Å. In this derivative there is clearly no Se-I interaction, the closest selenium-iodine distance being greater than 6 Å. In both cases, the Te-I interaction is stronger than the corresponding interaction in the ditellurido cation 2c 
Synthesis and Crystal Structures of 3a and 3b. The ditelluride dimer 3c was obtained
by the one-electron oxidation of the corresponding anion 1c with half-an-equivalent of iodine. 22 However, the analogous stoichiometric reaction of 1a or 1b with I2 failed to yield the respective dimers 3a and 3b. The 31 P NMR spectra of these reactions displayed a plethora of peaks, with the principal resonances attributable to the products of a twoelectron oxidation (i.e. 2a and 2b). Consequently, an alternative synthetic route to 3a and 3b was devised, namely the one-electron reduction of the cations 2a and 2b (Scheme 1).
Cobaltocene was chosen for this reduction since it is of moderate reducing strength. 48 The synthetic method employed could potentially give rise to three different X-ray crystallographic analyses of 3a ( Figure 4 ) and 3b ( Figure 5 ) confirm that the NMR-based assignment of a Te-Te bound dimer is correct in both cases. Pertinent bond parameters are compared with those of (TeP i Pr2NP i Pr2Te-)2 (3c) in Table 2 . Like is too broad to be observed. The resonance for the [CoCp2] + cation in the 13 C NMR spectra of all three products is not evident, presumably because it is too broad. 31 P NMR
analysis of these three products shows similar chemical shifts to those of the contact ion pairs 1a-1c. 31 The ion-separated complexes 4a and 4b display a pair of mutually coupled doublets while 4c shows the expected singlet. In each case, the chemical shifts are within 2 ppm of those of 1a-1c. deshielded with respect to those of the contact ion pairs 1a-1c.
The X-ray crystal structures of compounds 4a-4c confirm that they exist as ionseparated salts (Figures 6-8 ). Table 2 an interesting structural dichotomy has been established for the all-tellurium species: 27, 53 a Te-Te bonded dichalcogenide dimer (3c) is observed when the substituents at phosphorus are i Pr groups, whereas a contact ion pair structure (5) is obtained for the analogous t Bu-substituted species. We have recently analyzed the energy hypersurfaces of the homodichalcogenide dimers 3 computationally and the results showed that (a) the three conformational isomers are generally very close in energy and (b) the stability of the contact ion pair structure 5 increases relative to that of the dichalcogenide structure 3
as one descends the series of chalcogens from sulfur to tellurium. 27 The polarization of the SOMOs of the neutral radicals [ER2PNR2PTe]
• (E = S, Se)
towards Te readily explains the preferential dimerization through Te-Te bond formation (vide supra). We have also probed the energetics of the dimerization process by performing geometry optimizations for both 3a and 3b as well as for their unknown E-Te and E-E (E = S, Se) bonded structural isomers 3d-3g. The possibility for conformational isomerism was also taken into account in the calculations and optimizations for all dimers were started from three different conformers analogous to those observed for the known dichalcogenides 3 in the solid state (C2 and two Ci isomers, vide supra). The calculations correctly identify the experimentally observed Te-Te bonded isomers 3a and 3b as the lowest energy structures on the potential energy hypersurface.
Of the three possibilities available, the E-E bonded dimers 3f and 3g are the highest in energy in both series: the energy difference with respect to the corresponding dimers with a Te-Te linkage is found to be 100 and 48 kJ mol -1 for sulfur and selenium, respectively.
The asymmetrically bonded S-Te and Se-Te alternatives are also energetically disfavored though by a much smaller margin. The calculated energy differences are 42 and 22 kJ mol -1 for 3d and 3e, respectively. For all isomers studied, the Ci symmetric (or "Ci-like" for 3d and 3e) conformer with the two terminal chalcogen atoms significantly twisted away from planarity is always the highest in energy by approximately 50 kJ mol -1 . For 3a, b, f and g the Ci symmetric conformer with a linear chalcogen "chain" as well as the structure with a C2 axis have virtually the same energy since the calculated difference is less than the accuracy of the applied DFT method (only a few kJ mol -1 ). In contrast, only the "C2-like " conformer could be found for the asymmetrically bonded 3d and 3e.
Previous experimental work established the existence of the intriguing contact ion pair structure 5 for the ditelluride dimer when the substituents on the phosphorus atoms are changed from i Pr to the more bulky t Bu groups. 27 DFT calculations of this structural dichotomy showed that the contact ion pair structure 5 is indeed more energetically favorable (by -20 kJ mol -1 ) than the ditelluride structure 3 (E = Te, R = t Bu), whereas there is no clear structural preference for the corresponding all-selenium systems and the disulfide structure is more stable for the all-sulfur derivative. 27 This raises the interesting question of whether a contact ion pair structure is energetically preferred for the mixed chalcogen systems 3a and 3b when the substituents on the phosphorus atoms are t Bu rather than i Pr. Interestingly, DFT calculations predict that the contact ion pair structure is 10 kJ mol -1 lower in energy than the Te-Te bonded dimer for the mixed chalcogen (Se/Te) system whereas, for the S/Te system, the Te-Te bonded dimer is lower in energy by a very small margin (ca. 3 kJ mol -1 ). f P(2) = P(1A). g P(1A) = P(3). h E(1) = Te(1A). The structural analysis of these salts represents the first systematic study of a series of ion-separated dichalcogenidoimidodiphosphinate anions with a common cation.
